INTRODUCTION
Corynebacterium diphtheriae represents a global medical challenge, particularly due to the significant rise in the percentage of adults susceptible to diphtheria (Pimenta et al., 2006) , and the emergence of toxigenic and nontoxigenic strains as the causative agents of endocarditis and other systemic infections (Mishra et al., 2005; Zasada et al., 2005; Belmares et al., 2007; Hirata et al., 2008; Menon et al., 2010; Muttaiyah et al., 2011; Viguetti et al., 2011) .
Antibiotics are therapeutically more effective when concentrations above the MIC are reached between consecutive doses. However, after a certain period of time following a dose, concentrations within many tissues become lower than the MIC and are referred to as subinhibitory concentrations (subMICs). SubMICs of antimicrobials, although not able to kill bacteria, can potentially modify both chemical and physical cell-surface characteristics and consequently, the expression of some virulence properties such as motility, hydrophobicity, adhesion, biofilm formation and toxin production (Fonseca et al., 2004; Wojnicz & Jankowski, 2007; Pompilio et al., 2010) . In addition, previous studies have demonstrated that certain antibiotics at subMICs may act as intermicrobial signalling molecules, regulating the homeostasis of bacterial communities and/or stimulating the transcription of virulence-related determinants (Davies et al., 2006; Linares et al., 2006; Subrt et al., 2011) .
C. diphtheriae strains (Kneen et al., 1998) . However, to the best of our knowledge, little information is available concerning the effects of antibiotics on adherence/surface properties of C. diphtheriae (Hladka & Motyka, 1998) . Hence, this study aimed to investigate the effect of F MIC of both antimicrobials on bacterial morphology, haemagglutination, cell-surface hydrophobicity (CSH) and biofilm formation on glass and polystyrene surfaces, as well as the distribution of cell-surface acidic anionic residues by ultrastructural examination.
METHODS
Bacterial strains. Three C. diphtheriae subsp. mitis strains were investigated: a typical non-sucrose-fermenting strain isolated from classical diphtheria in the USA, obtained from the Centers for Disease Control and Prevention (Atlanta, GA, USA) (strain CDC-E8392, tox + ), and two sucrose-fermenting strains isolated from the throat of a patient with diphtheria (strain 241, tox + ) and from blood of a patient with endocarditis (strain HC01, tox 2 ) in Rio de Janeiro, Brazil (de Mattos-Guaraldi & Formiga, 1998) . Stock cultures were maintained in 10 % skimmed milk with 20 %, v/v, glycerol at 270 uC.
Antimicrobial susceptibility and subMIC culture. Determination of MICs was carried out using the broth microdilution method described by the Clinical Laboratory Standards Institute (CLSI, 2012) . Strains were grown either in trypticase soy broth (TSB; Difco) containing subMICs of the antibiotics equivalent to F MIC or in antibiotic-free medium for 48 h at 37 uC.
Bacterial morphology. Strains were cultivated in TSB with or without subMIC of the antibiotics. After incubation, all strains were observed after Gram staining by light microscopy. Reduction of bacterial cells or filamentation were expressed as percentages of both modifications in bacterial morphology, after counting 10 random fields (containing 40-70 micro-organisms) for each strain.
Haemagglutination. Haemagglutinating activity assay for human B erythrocytes (0.5 %) was performed according to previously described methods (Mattos-Guaraldi & Formiga, 1991) .
CSH. Evaluation of CSH was carried out by using the bacterial adherence to n-hexadecane (BATH) test (Mattos-Guaraldi et al., 1999) . Briefly, strains grown in TSB in the presence or absence of the antibiotics for 48 h at 37 uC were washed twice in 10 mM Na-PBS, pH 7.2, and the inoculum was adjusted to OD 570 0.8. Bacterial suspensions (4 ml) were overlaid with 400 ml n-hexadecane (Sigma). After 1 min agitation by vortexing, the phases were allowed to separate for 15 min at room temperature. BATH values (%) were calculated as follows: {[OD 570 (original bacterial suspension) 2 OD 570 (aqueous phase)]/OD 570 (original bacterial suspension)/100}. Strains with BATH values .50 % were considered highly hydrophobic and those with values in the range 20-50 % were considered moderately hydrophobic.
Biofilm formation on glass and polystyrene surfaces. Microorganisms were inoculated in glass tubes (136100 mm) containing 4 ml TSB with or without F MIC of the antibiotics, and were incubated for 48 h at 37 uC without shaking. The tubes were gently shaken for 5 s and the supernatants containing non-adherent cells were discarded. Fresh sterile TSB with or without F MIC of the antibiotics (4 ml) was then added and the tubes were re-incubated for a further 48 h. This procedure was repeated twice. The glass-adherent bacteria created a confluent coat of cells on the sides of the tube (Mattos-Guaraldi & Formiga, 1991) .
Biofilm formation was also examined in 96-well polystyrene microtitre plates (TPP). Briefly, 200 ml bacterial suspensions in TSB with or without F MIC of the antibiotics with OD 570 0.2 were applied to the wells. Negative controls contained TSB only. After 48 h at 37 uC, the content of each well was aspirated and washed twice with 200 ml PBS (pH 7.2). The remaining attached bacterial cells were fixed with 200 ml 99 % methanol and were stained with 2 % crystal violet. The bound dye was then solubilized with 160 ml 33 % glacial acetic acid and the OD 570 of the solution was measured. The cut-off OD was defined as the mean OD of the negative control. All strains were classified according to the categories proposed by Stepanovic et al. (2000) . Each assay was performed in triplicate and repeated at least three times.
Transmission electron microscopy (TEM). For TEM, bacterial cells were fixed with 2.5 % glutaraldehyde in cacodylate buffer (0.1 M, pH 7.2) for 2 h at room temperature. Cells were washed twice for 10 min and were incubated for 30 min with colloidal iron (CI) solution (pH 1.8), prepared as described by Gasic et al. (1968) . Bacterial cells were then washed twice for 10 min with 12 % acetic acid solution and subsequently with distilled water. Micro-organisms were post-fixed with 1 % OsO 4 , 5 mM CaCl 2 and 0.8 % K 4 [Fe(CN 6 )] in cacodylate buffer for 1 h at room temperature, dehydrated through a series of graded ethanol solutions and embedded in Epon. Ultrathin sections were examined under a Zeiss EM 906 transmission electron microscope (Hirata et al., 2002) .
Statistical analysis. Student's t-test was used to compare means of experiments, and P,0.05 was considered statistically significant.
RESULTS AND DISCUSSION
MICs and effect of subMIC of PEN and ERY on bacterial morphology All C. diphtheriae strains were susceptible to both antibiotics. MIC values (for both PEN and ERY) were 0.003 mg ml 21 for strains CDC-E8392 and 241, and 0.005 mg ml 21 for strain HC01. In a survey conducted with Brazilian C. diphtheriae strains, including CDC-E8392 and 241, resistance to PEN and ERY was observed in 14.8 and 4.2 % of strains, respectively . Strain HC01 was previously isolated from a patient with endocarditis who was refractory to PEN treatment (de Mattos-Guaraldi & Formiga, 1998) . The possibility of PEN tolerance was observed previously for non-toxigenic C. diphtheriae strains, a phenomenon not observed for ERY (von Hunolstein et al., 2002) . Additionally, refractivity to endocarditis treatment has been related to the Eagle effect (paradoxical bactericidal effect), an aspect observed previously for C. diphtheriae endocarditis isolates (Grandière-Pérez et al., 2005) , and which is under investigation with Brazilian endocarditis isolates.
The growth of C. diphtheriae in the presence of PEN induced bacterial filamentation (Fig. 1) . The mean (±SD) number of filaments per field was 39.8±2.022 % for strain CDC-E8392, 42.73±2.012 % for strain 241 and 35.43±2.260 % for strain HC01. Growth of strains CDC-E8392 and 241 in the presence of subMIC of ERY (Fig. 1) Effects of subMICs of antibiotics on C. diphtheriae reduced the cell size of both micro-organisms. The number of bacterial cells with reduced size per field was estimated at 43.75±4.404 % and 37.28±3.298 %, respectively. Due to its spontaneous coccoid appearance, strain HC01 did not show any dramatic reduction of bacterial cells after growth in the presence of subMIC of ERY (Fig. 1) .
SubMICs of b-lactams have been known to promote the formation of filaments in bacteria (Braga et al., 2000; Fonseca et al., 2004; Chen et al., 2005; Fonseca & Sousa, 2007) and this ability has been attributed to the binding of antibiotics to certain penicillin-binding proteins (PBPs), which are required for the synthesis of septa during cell division. In Streptococcus pneumoniae, PBP2x and PBP2b have been shown to be directly involved in peptidoglycan incorporation at the developing septum (septal growth) and into the sidewall (peripheral growth), respectively (Morlot et al., 2003; Zapun et al., 2008 ). An intriguing mechanism of morphological variation from cocci to long rod-shaped aseptate cells in the presence of meticillin was observed in Lactococcus lactis during both biofilm and planktonic growth (Pérez-Nú ñez et al., 2011). The authors showed that filaments were a transient morphological state generated by septation inhibition and that PBP2x and PBP2b played a direct role in this process.
SubMIC of PEN generated during treatment of C. diphtheriae infections may cause some difficulty in diagnosis and/or treatment, as antimicrobial-mediated bacterial filamentation might resemble fungal hyphae, especially in body fluids where antibiotics may reach sublethal concentrations. This potential misinterpretation during clinical diagnostic procedures may lead to inappropriate treatment (Sutton et al., 2011) .
Effect of subMICs of PEN and ERY on haemagglutination
SubMIC of ERY modulated the adherence of all strains to human erythrocytes, whereas microbial growth in the presence of F MIC of PEN did not interfere with the expression of haemagglutinating properties (Table 1 ). The 67-72p protein, present on the outermost surface of C. diphtheriae, was shown to inhibit the adherence of both strains CDC-E8392 and 241 to erythrocytes (Colombo et al., 2001) and to HEp-2 cells (Hirata et al., 2004) . The FITC conjugation of 67-72p rendered the surface of HEp-2 cells fluorescent in a dose-dependent manner, indicating this protein as a potential adhesin for C. diphtheriae (Hirata et al., 2004) . In addition, subMICs of both ERY and clarithromycin were shown to suppress protein synthesis in Pseudomonas aeruginosa (Tateda et al., 2000) . The fact that ERY was able to interfere with C. diphtheriae adherence to human erythrocytes may be related to the expression of 67-72p protein -currently recognized as DIP0733 (Sabbadini et al., 2012) -or other molecules involved in adherence of this pathogen to host cell surfaces.
Effect of subMICs of PEN and ERY on CSH
Growth of C. diphtheriae in the presence of both antimicrobials rendered the microbial surface more hydrophobic with increased adherence of bacterial cells to n-hexadecane (Table 1) . CSH is an important determinant in the adherence and colonization of bacteria to biotic and abiotic surfaces (Di . Different profiles of hydrophobicity were previously observed among C. diphtheriae strains isolated from the pharynx. The non-sucrose-fermenting strains, frequently isolated in North America and Europe, were shown to be more hydrophobic and haemagglutinating than those capable of fermenting sucrose, usually isolated in South America (Mattos-Guaraldi et al., 1999) .
Little is known about the adherence mechanisms of C. diphtheriae to host surfaces and the effects of antimicrobial agents in the adherence/colonization or maintenance of this pathogen in an infectious site. The rationale behind the modification of CSH induced by antibiotics in adherence/ maintenance of C. diphtheriae to host surfaces can be compared with other pathogens, including uropathogenic Escherichia coli (Balagué et al., 2003) and Staphylococcus aureus (Furneri et al., 2003) , as these properties were not formerly studied for this micro-organism. The global response of C. diphtheriae to subMICs of antimicrobials is still under investigation.
Effect of subMICs of PEN and ERY on biofilm formation on glass and polystyrene surfaces
All C. diphtheriae strains enhanced biofilm formation on glass tubes after treatment with ERY, while only strain 241 showed increased biofilm production after cultivation with a subMIC of PEN (Table 1 ). The effect of F MIC of ERY on glass adherence was much more pronounced for strain CDC-E8392, classified as non-adherent when cultivated in antibiotic-free medium (pattern IV: no visible adherence). When grown in the presence of this macrolide, this strain was positive for biofilm formation, producing a confluent coat of bacterial cells on internal sides of the tubes (pattern II). The other strains were positive for biofilm formation on glass (pattern II), but produced thicker coats of cells on the sides of the tubes after cultivation with ERY (pattern II + ). SubMIC of PEN had no effect on glass adherence patterns of strains CDC-E8392 and HC01. Conversely, the glass-adherent strain 241 (pattern II) showed enhanced biofilm formation after treatment with this b-lactam (pattern I). Hoffman et al. (2005) have shown that subMICs of tobramycin induced biofilm formation on glass culture tubes in P. aeruginosa strain PAO1.
Biofilm formation on glass surface has been related to the expression of sialic acids, detected mainly in sucrosefermenting strains (including strain 241). By contrast, non-fermenting strains (including strain CDC-E8392) were less capable of forming a biofilm on glass (Mattos-Guaraldi et al., 1999) . Adherence to glass is also related to surface charge, acquired by ionization of silanol groups present in silica under acidic conditions (Behrens & Grier, 2001) . During microbial growth, the acidification of the growth medium modifies acidic moieties (sialic acids) to non-polar (hydrophobic) configuration, consequently favouring bacterial adherence to acidified glass surfaces and biofilm formation.
Treatment with ERY enhanced biofilm formation on polystyrene surfaces of all C. diphtheriae strains, while subMIC of PEN seemed to have no effect (Table 1) . When cultivated in the absence of antimicrobials, strains CDC-E8392 and 241 were classified as weakly positive for biofilm formation on polystyrene microplates, whereas strain HC01 was considered moderately positive. After cultivation with F MIC of ERY, all strains increased the level of biofilm production, and were then classified as moderately (strains CDC-E8392 and 241) and strongly (strain HC01) positive. Previous studies have demonstrated that subMICs of antibiotics may increase biofilm formation. Linares et al. (2006) showed that subMICs of tobramycin, tetracycline and norfloxacin enhanced biofilm production in P. aeruginosa. Moreover, Wang et al. (2010) reported that subMICs of ERY, azithromycin and clarithromycin increased, in a dose-dependent manner, the level of biofilm formation in Staphylococcus epidermidis isolates. Scanning electron microscopy revealed that ERY-treated cells yielded far more polysaccharides at 12 h and displayed larger amounts of multilayer biofilms at 48 h. The levels of expression of the biofilm-related genes icaA, atlE, fruA, pyrR, sarA and sigB were also increased in response to ERY. In addition, Subrt et al. (2011) showed that Staphylococcus aureus strain Newman formed denser biofilms in the presence of subMICs of cefalotin.
Biofilms represent biological systems with a high level of organization where bacteria form structured, coordinated and functional communities embedded in a complex matrix of exopolysaccharides attached to biotic or abiotic surfaces (O'Toole et al., 2000) . Biofilm formation is increasingly recognized as an important microbial virulence trait, as it protects bacteria from phagocytosis, antibiotics, opsonizing antibodies and complement. It is estimated that biofilms account for approximately 60 % of Effects of subMICs of antibiotics on C. diphtheriae microbial infections and that treatments exceed $1 billion annually (Costerton et al., 1999) .
Biofilm formation on abiotic surfaces may be related to the hydrophobic properties of micro-organisms. Lipophilic corynebacteria isolated from skin microbiota were able to form biofilms on solid surfaces, and both hydrophobicity and aggregation in liquid medium were correlated with the capacity to form biofilms (Kwaszewska et al., 2006) . Pompilio et al. (2008) observed a positive correlation between hydrophobicity and levels of both adhesion and biofilm formation on polystyrene surfaces in Stenotrophomonas maltophilia strains. In addition, the adherence of Listeria monocytogenes to PVC surfaces and subsequent biofilm growth were related to the adherence to nhexadecane (Takahashi et al., 2010) . The isolation of a C. diphtheriae strain from a nephrostomy catheter-related infection in a patient with bladder cancer demonstrated the potential of C. diphtheriae to form biofilms on polyurethane surfaces (Gomes et al., 2009) . Thus, the macrolideenhanced hydrophobicity and biofilm formation observed in this study should not be underestimated, as it may have potential clinical implications, by altering the progression of infection or rendering antimicrobial therapy unreliable.
TEM analysis
As a non-glass-adherent C. diphtheriae strain was able to adhere in the presence of F MIC of ERY, TEM analysis was performed using the CI staining technique to evaluate the topological localization of cell-surface anionic sites (Gasic et al., 1968) . TEM analysis showed variation in CI deposition on C. diphtheriae grown in the presence of antimicrobial agents (Fig. 2) . The endocarditis strain HC01 was shown to bind CI differentially from the strains isolated from diphtheria, showing a focal distribution of negatively charged surface groups independently of growth in the presence of antimicrobials. Nicolson (1973) demonstrated that N-acetylneuraminic acid groups are the major acidic residues binding CI. C. diphtheriae strain 241 could bind CI continuously along the surface, consistent with the expression of sialic acids and consequent glass adherence described by Mattos-Guaraldi et al. (1999) . C. diphtheriae strain CDC-E8392 bound few CI particles, suggesting that the bacterial surface was lessnegatively charged than that of C. diphtheriae strain 241. Interestingly, both strains showed anionic surface charges with focal distribution after growth in the presence of antimicrobials. These results help to explain how growth in the presence of subMIC of ERY rendered the non-glassadherent strain CDC-E8392 capable of producing biofilm on glass tubes. Also, focal localization of anionic sites displayed by strain 241 after antimicrobial treatments may have stimulated its ability to adhere to glass surfaces. Therefore, rearrangement of the surface negative charges on C. diphtheriae strains isolated from the respiratory tract induced by the presence of antimicrobial agents may facilitate bacterial attachment to both biotic and abiotic surfaces. Additionally, the distribution of anionic surface charges induced by PEN did not increase biofilm formation on glass or polystyrene surfaces, suggesting that biofilm formation may involve different mechanisms/molecules expressed by C. diphtheriae.
In conclusion, low-dose antibiotics may favour biofilm formation by C. diphtheriae, similar to observations for other human pathogens (Kaplan, 2011) . SubMICs of PEN and ERY also influenced the CSH of C. diphtheriae strains. Modifications in the adherence mechanisms displayed by such micro-organisms in the presence of subMICs of these antimicrobials may render diphtheria bacilli more prone to adhere to and to maintain themselves on host surfaces, favouring the carrier state and the spread of epidemic clones in a population. Besides diphtheria, these features may also provide advantages in vivo by enabling colonization of mucosal or connective tissue in wounds and endocarditis. 
